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Gentlemen, i t ' s  a distinct p leasure  t o  be asked to  ta lk  to  you today on'the t rans-  
port  and s torage  of e lec t r ic  energy. We've taken the l iber ty  of calling our  d iscus-  ) 

the  ha l lmarks  of this talk is  i t s  inability to s t ick to the subject. 1 

Unfortunately for simplicity, but fortunately for  power system planners  who 
make  a living because the  subject  i s  not simple, i t  i s  extremely difficult to  divorce 
the subject  of the t ransmiss ion  and distribution of e lec t r ic  energy f r o m  the subject 
of i t s  generation. The economics of all th ree  are indelibly and i r revocably in t e r -  
twined, although, surprisingly, the  subject of distribution can stand on its own feet 
without the other two much e a s i e r  than can generation or t ransmission.  

Before we g e t  confused premature ly ,  let's s t a r t  by defining a f e w  t e r m s  in  the 
jargon, and f r o m  the viewpoint of the e lec t r ic  power sys t em operator. Let's pick 
out jus t  five: generation, t ransmiss ion ,  distribution, s torage and interconnection. 

The t e r m  "generationI1 i s  probably self explanatory. It means  the  facil i t ies 
to  convert  energy f rom stored or  flowing water ,  o r  f rom foss i l  fuels,  o r  f r o m  the 
atom, t o  e lectr ic i ty ,  Generally, generat ion is accomplished, for  economic and 
technical  reasons ,  at voltages of about ten  to  twenty-five kilovolts. We'll la ter  
see  that  t h i s  voltage range i s  about identical to the range of p r i m a r y  voltages in the 
dis t r ibut ion system, so that  in  some c a s e s  it is  possible to  feed power at generated 
vol tages  d i rec t ly  into the p r i m a r y  mains  for distribution. 
power sys t ems ,  th i s  was  the genera l  rule.  
separat ion between the typical  power plant location and that of the load center  now 
d e c r e e  otherwise in the usua l  case .  So we come t o  our next definition. 

In fact, in the ear ly  
But economics and the geographical 

The t e r m  "transmission" conventionally means  the faci l i t ies  to move the elec - 
t r i c  energy f r o m  the generat ing plants  to bulk receiving points, and f r o m  the bulk 
receiving points t o  local  distributing points, The bulk receiving points generally 
a r e  cal led " t ransmission substations, I t  and the loca l  distributing points "distribution 
substations, and both types  a r e  located with economic f inesse  throughout the system. 

, 



The t ransmiss ion  l ines  tying generating stations to bulk receiving stations a r e  
generally regarded  a s  the t ransmiss ion  system. They usually operate at voltages 
of 115,000 volts and up to  345, 000 volts a t  the present  t ime in o r d e r  t o  minimize 
t ransmiss ion  lo s ses  by holding down cu r ren t  flow, and in o r d e r  to pack maximum 
energy t ranspor t  capability into minimum right of way r e a l  estate.  

The network of l ines tying bulk substations to distribution substations is often 
called the "subtransmission" system, and they may  operate a t  voltages f rom 
230,000 volts down to around 20,000. Very la rge  cus tomers  m a y  be served f r o m  
the subt ransmis  sion system. The distinction i s  made between " t ransmission" and 
"subtransmission" according to the ro le  they play i n  the power system, and not by 
the voltage level, which v a r i e s  f rom sys tem to system. 

The distribution sys tem is fed f r o m  the  distribution substations, and it may 
operate f r o m  26,000 volts down to  about 4,000 volts. 
be rad ia l  when the individual feeders  a r e  not connected together, and the  loss  of 
which r e s u l t s  interruption f o r  the customer supplied f rom the line, or they may  
fo rm a network and be fed f r o m  severa l  substations. La rge r  cus tomers  and the 
secondary sys t ems  a r e  supplied directly f r o m  the distribution system. 

The distribution system may 

When we talk about storage we do not mean  storing energy in  the fo rm of e lec-  
tr icity,  a s  it cannot be done economically in la rge  quantities. We a l so  want t o  ex- 
clude h e r e  the economics of fuel storage. 
e lec t r ic  energy enroute f rom the conventional generating station to the customer is  
by pumped storage.  This technique involves pumping water  f r o m  a lower r e s e r -  
voir  to a higher one during light load t ime at low production cos t  in o r d e r  to  r e l ease  
the water  at the t ime of high demand and high production cost. Actually, another 
indirect  f o r m  of storage i s  achieved by a conventional hydro station where  the water  
is retained in the r e se rvo i r  when the energy is not needed and re leased  only when 
the demand is high. 

The only known economic way to s to re  

Interconnections a r e  simply. t ransmiss ion  l ines built between two or more  neigh- 
boring uti l i t ies to interchange energy when it is mutually advantageous; that is, 
when one can produce excess  power at a lower cost  under no rma l  conditions and for  
mutual  help during emergencies .  
tion agreement  the group is frequently called a power pool. 

In case  severa l  sys tems join in  an interconnec- 

While each of these  ma jo r  p a r t s  of a power sys tem h a s  its own charac te r i s t ic  
economic problems,  the economics of the e lec t r ic  energy delivery must  be looked 
a t  f r o m  the standpoint of the whole system. 
sion and pumped storage,  cannot be divorced f r o m  economics of operation and expan- 
sion of the en t i re  system, 

Specific problems,  such as t r ansmis -  

We wi l l  f i r s t  briefly talk about the economics of producing power and expanding 
a sys tem in general, then will  go into detail  of the economics of transmission. 

F igure  1 shows the invested capital  s t ruc ture  of a typical power company, 
Power plants take the la rges t  share,  but distribution facil i t ies take  almost  as much. 
T ransmiss ion  takes  a smal le r  share  and the "others" category includes i tems  like 
buildings, shops, vehicles, etc. This  relative distribution, of cour sea  may v a r y  
f rom company to company depending on the location and density of load, but it is 
quite representa t ive  of the industry as a whole. 



Economic Operation of i? power system 

be operated with maximum economy. Further ,  t he  system must  be expanded in the 
mos t  economic manner t o  m e e t  future loads. These two problems a r e  not really 
separable  because, in planning the economic expansion of a system, the operating 
cha rac t e r i s t i c s  of the future  sys t em is v e r y  important. 
pr inciples  is, therefore ,  logical and necessa ry  to fo rm the bas i s  for  fur ther  d i s -  
cussion of the problem. 

A power system in existence,  with the facil i t ies then available fo r  service,  must  

Setting down the operating 

Load Character is t ics  
Before we can talk about the operation of a system, i t  is necessa ry  to discuss  

the unique load cha rac t e r i s t i c s  of a power system. 
are t h e  d i r ec t  resul t  of these cha rac t e r i s t i c s .  
cha rac t e r i s t i c s  of a power sys t em,  
weekday. 

Many basic economic problems 
Figure 2 shows typical daily load 

The cha r t  shows the load for  a no rma l  winter 

The shape of the curve m a y  change f rom season to season, as temperature  and 
Basically,  the load has  a minimum value below which the the daylight hours  vary. 

load never  descends, sharply increasing per iods and peak loads lasting only a few 
hours  a day, followed by rapidly decreasing periods. 
sys t em e v e r y  moment must  be equal to the demand, a s  energy cannot be stored 
economically in  the f o r m  of electricity.  
mee t  the load usually v a r i e s  in size, efficiency, reliability, and cost  of fuel, etc. , 
some located nea r  load cen te r s ,  some at f a r  away hydro plants o r  minemouth gener-  
ation sites.  Spinning r e s e r v e  mus t  be available to  cover the possibil i ty of the sud- 
den outage of some equipment and additional r e s e r v e  capacity mus t  be built to allow 
scheduled and non-scheduled maintenance. 

The power generated by the 

The generating equipment available to  

To achieve minimum cost  of energy delivery at  a l l  t imes,  it is  n e c e s s a r y  to 
schedule the available generating units carefully throughout the day. 
ency units, which a r e  cha rac t e r i s t i ca l ly  the newer and l a rge r  s ize  units and which 
cha rac t e r i s t i ca l ly  burn the lowest  cost  fuels, a r e  therefore  utilized t o  provide as 
many kilowatt hours  as possible  and practicable.  These unit s a r e  assigned to c a r r y  
the so-called "base load", and usually a r e  not taken out of service except when main-  
tenance is required.  
these may  be taken out of s e rv i ce  eve ry  night, except cer ta in  ones vh ich may  be kept 
on line for  l oca l  a r e a  protect ion in c a s e  of t ransmission failure. 
units a r e  usually older units once themselves  serving as base load units. 

The high effici- 

L e s s  efficient units a r e  assigned the next block of load and 

Non base-load 

The peak load hours  frequently are taken c a r e  of by so-called peaking units, 
which may  be relatively low efficiency internal  combustion units (diesel  or  gas t u r -  
bine) or "bare bone" low efficiency s t eam units. Conventional hydro plants can be 
used f o r  any of these pu rposes  depending upon the cha rac t e r i s t i c s  of the available 
water  and the storage. Usually the power system is interconnected to a neighbor- 
ing sys t em and can interchange energy to take advantage of the possible cost  differ-  
ences  at any  given period, or t o  provide mutual help in case  of emergency. 

At any given moment the total  delivered energy has  a definite cost  value which 
depends upon the combination of cost  values  of a l l  the generating facil i t ies in s e r -  
vice. 

The t r ansmiss ion  sys t em makes  it possible to  operate  a l l  units i n  unison and 



naturally ::le loading on the t r ansmiss ion  l ines h a s  some effect on the economics of 
of the  de l ivery  as the lo s ses  a r e  higher, if  the  energy has to  be delivered over long 
distances. 
economy when uneconomical generation has  to be kept in se rv ice  during the outage 
of l ines  o r  frequently in anticipation of line outages in critical a reas .  Loading on 
the l ines must  be constantly monitored to  prevent overloads even by deviating f rom 
the  economic generation schedules. 

The s ta tus  of the t ransmission sys t em m a y  affect the whole system 

The operation of the distribution sys t em is largely independent of the genera-  
tion system and i t s  daily operation, as it i s  usually not affected by the  loading sched-  
u les  of the var ious  genera tors  with the exception of some small size peaking units, 
which m a y  be connected directly to the distribution system, 
ments  and outages in  the  t r ansmiss ion  and subtransmission system, however, m a y  
affect the distribution system. 

Operating a r r ange  - 

Development of an  economic power system 
- Having looked roughly at how an economical power system operates,  let us now 

look into the fu ture  and see  what basic economic f ac to r s  govern i t s  expansion. 
Again we mus t  emphasize that t he  system as a whole mus t  be considered to achieve 
the  bes t  results.  

Le t  u s  assume that a reasonable load fo recas t  i s  available for  the entire future 
period under investigation, not only for  the magnitude of the year ly  peak load on 
the whole system, but a l so  the geographic distribution of it, the shape of the load 
curve and the kilowatt hours  to  be provided. Variation in  th i s  load forecas t  m a y  
mater ia l ly  change the economic expansion pattern,  especially as to,timing. 

The objective of the planning is  to  develop a schedule of additions to the genera-  
tion and t r ansmiss ion  facil i t ies which a s s u r e s  that the projected load will be me t  
with acceptable reliabil i ty and the cost  of energy will be minimum in  the future. 
Investment cost  of the new equipment, generating and t ransmiss ion ,  and the overall  
operating cost  of the entire future system mus t  be carefully analyzed. 

Turning to  generation expansion problems, t he re  a r e  usually a ve ry  la rge  num- 
ber  of alternatives available. 
and projected t r ansmiss ion  system i s  one of the first considerations. 
the unit has a strong influence on the installation cost, as the  cost  p e r  kw dec reases  
with the increase  in size.  The amount of necessa ry  r e s e r v e  capacity depends upon 
the s ize  and reliability of the existing and future units. 
units a r e  built it will be necessa ry  to have m o r e  r e s e r v e  capacity t o  cover the outage 
of the la rge  units. 
m a y  cost  m o r e  than the gain f r o m  the l a rge  units. The fuels to  be used, especially 
the projected fuel p r i c e s  at the  considered location, m a y  be decisive. 
tion of types of units, fo r  example base load v e r s u s  peaking, is one of the most 
interesting t a sks  of a sys t em planner. N o  universal  ru l e s  can be se t  forth, as size 
of the particular system under consideration, t he  potential load growth, fuel pr ices ,  
available hydro, etc. ,  all play dec is ive  influence. One may think, why not build 
only l a rge  efficient units in  the future to take advantage of the  decreasing installa- 
tion cost. 
only f o r  a short  period, it is  obvious that the l a rge  units will  not be loaded up al- 
ways to their  maximum, and near ly  the most efficient value, but will  have to  run  
often with 3 / 4  or 1 / 2  load with the  corresponding lo s s  of efficiency. One may go 

The location of new units as related to  the existing 
The size of 

If only a few la rge  size 

This m a y  be de t r imenta l  because the ex t r a  r e s e r v e  capacity 

The se lec-  

If we note that the load on the system is such that the peak demand l a s t s  
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t o the  other  ex t reme;  ins ta l l  sma l l e r  s ize  peaking units with relat ively low efficiency 
but take advantage of the lower installation cos t  as  both fac tors  influence the ultimate 
cost  of the del ivered energy. 
thumb in th i s  analysis. 
ca l  methods t o  get sa t i s fac tory  r e su l t s  in  the proper  balance and timing of various 
types of generating units. 

I t  i s  v e r y  difficult, in fact  dangerous, to u se  ru les  of 
The  industry has  had to  r e s o r t  to  the  mos t  modern  analyti-  

The  location of the units i s  determined by the relat ive economics of fuel  pr ices  
ve r sus  t ransmiss ion  cost and such important f ac to r s  l ike availabil i ty of cooling 
water, air and water  pollution restri ,ct ions,  and government regulations and public 
acceptability in  case of nuclear  plants. Smaller  s ize  peaking uni ts  (diesel  and gas 
turbine)  m a y  be located near  load centers  but the inherent noise problem can be pro-  
hibitive. 

We haven't t r ied to analyze in  detai l  all the fac tors  involved in  generation plan- 
ning, but mere ly  pointed t o  the mos t  important  ones t o  emphasize the  complexity of 
the problem and the relat ions t o  t ransmiss ion  and storage. 

T ransmiss ion  and distribution planning 
Transmiss ion  planning cannot be separa ted  f rom generation planning and to a 

l e s s e r  deg ree  even f r o m  dis t r ibut ion planning. 
t o  c a r r y  l a rge  blocks of power f r o m  the generating stations t o  the  load cen te r s  and 
provide interconnection with neighboring sys tems;  
divers i ty;  
omic solution i s  a r r ived  a t  when these  functions a r e  integrated into one scheme and 
the individual lines fulfi l l  m o r e  than one of these  functions. If the problem were  
only bulk t ransportat ion of energy f rom point t o  point, other means  may prove m o r e  
economical  as Figure 3 shows. These typical  data, of course,  include the fixed 
cha rges  as wel l  a s  operat ing cos t s  and losses .  
f rom a technical  commit tee  r e p o r t  of the  F P C  National Power Survey. Elec t r ic  
t ransmiss ion  i s ,  however, the only means  to  move energy generated at  remote  hydro- 
plants. 

The ro les  of t ransmiss ion  are:  

to share  r e s e r v e  capacity and 
and to  allow interchange of energy on an economic basis.  The  most  econ- 

The da ta  for  this  char t  was  taken 

The capaci ty  of a t r ansmiss ion  line, using the same  conductors i nc reases  prop-  
ortionally with the voltage while the relat ive lo s ses  decrease.  
considerat ion is ,  therefore ,  the voltage to be used for  a t ransmiss ion  project. 
Naturally, a t  a lower voltage m o r e  c i rcu i t s  are  needed to c a r r y  the same  power flow 
and consider ing the l imitat ions of right-of-ways and the  need to t ransmi t  la rger  and 
l a r g e r  amounts  of power in  the future,  i t  is e a s y  t o  s e e  why t ransmiss ion  voltages go 
upward by leaps  and bounds to  l imi t  the number of c i rcu i t s  and thus the r ight  of way 
r e a l  es ta te  needed. 

The f i r s t  planning 

F igu re  4 shows the h is tor ica l  development of highest t ransmiss ion  voltages used 
in  th i s  country. 
t r ansmiss ion  voltage in  th i s  country is  345, 000 V, but short ly  many 500,000 V l ines 
will  be operating. 
Canadian hydro  project,  Previously there  was  not grea t  p r e s s u r e  in  this  country to 
r a i se  t ransmiss ion  vol tages  as mos t  load centers  had ample fuel  supply nearby. 
the meant ime,  the techno1og)i of EHV developed sufficiently and the uti l i t ies began to  
rea l ize  that  to  keep ahead of the increasing demand and keep rates down they have to 
build larger m o r e  efficient units a t  locations where  fue l  p r i ces  a r e  low. 
sys t ems  a r e  sometimes too small to  take ful l  advantage of these  developments. 

Except for  a few experimental  lines, a t  the present  t ime  the highest 

700, 000 V t ransmiss ion  wil l  follow in a few y e a r s  with a large 

In 

Individual 
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Therefore  they have combined the i r  effort t o  build commonly owned plants and in t e r -  
connect with neighboring sys t ems  and pools by EHV lines. 

Another fac tor  plays a significant ro le  for  the private uti l i t ies;  
tion o r  potential competition f rom publicly-owned power suppliers. 
economic analysis shows no c lear  -cut advantage for a scheme incorporating extensive 
EHV. In borderline cases  intangibles, such as  these competitive considerations, 
may decide in favor of EHV. 

that i s  competi- 
Sometimes the 

It i s  obvious that as we increase  the voltages of the t ransmiss ion  system we can 
t ransmi t  m o r e  power on the right of way and generally we need l e s s  number of lines 
to t ransmi t  the same amount of power. Although the outage r a t e  of the higher vol-  
tage lines generally i s  l e s s  than the lower voltage lines, the planner  has to assume 
that they would fail occasionally. Therefore ,  a t  th i s  point we have to introduce the 
concept of f i rm  supply, Let  u s  assume,  for  example, a remote  mine mouth plant 
which for i t s  very  nature will be used a s  base  load generation. A single line bet- 
ween th is  mine mouth plant and the load center obviously cannot be considered firm 
because even the highest degree of preventive maintenance cannot a s s u r e  it. 
firm up the t ransmiss ion  scheme a second line should be built. 
each line should be a t  least  as much a s  to be able to c a r r y  the full output of the plant 
during the outage of one of the lines. Therefore ,  normally the l ines will be utilized 
only partially. 
expenditure may be uneconomical at  least  for  the init ial  operation of the system, 
Expected la te r  developments such a s  more  generating units at  the s a m e  location or 
along the line, o r  possible interconnections, may justify however the initial higher 
expenditure to forestal1 future even higher expenditure. The economic planning of 
t ransmiss ion  sys t ems  i s  not a s e r i e s  of one shot affairs, but usually involves a co- 
ordinated study of as  many as 25  to 30 y e a r s  of developments. 
tion i s  what r e su l t s  in the leas t  expensive scheme over the whole period. 

To  
The capacity of 

Under these  conditions too high voltage level with the inherent higher 

The economic s o h -  

F igures  5, 6 and 7 show the cost  of point to point t ransmiss ion  of 500 mw at 345 
kv, 1000 mw at 500 kv  and 2000 mw a t  700 kv respectively. Each char t  shows th ree  
curves  reflecting the dec rease  of t ransmiss ion  cos t  as the load factor (L. F.), that 
is  the utilization of the line, increased f rom 5070 to 70% and to  857’0. These curves  
were  also taken f rom a technical commit tee  repor t  of the  F P C  National Power Sur -  
vey. 
and may not be applicable to a par t icu lar  situation, where conditions a r e  different 
f r o m  what it was  assumed in  the  F P C  survey. 

I would like to emphasize h e r e  that these  i l lustrations r ep resen t  typical values 

In congested a r e a s  the unavailability of rights-of-way, o r  local opposition, often 
prevents  building overhead lines. 
underground, which, of course, besides the technical and operating difficulties, in -  
volve s substantially higher expenditure s pe r  circuit  mile than overhead lines. 

Utilities frequently a r e  forced  to put the l ines 

Hitherto we have talked about AC t ransmiss ion  only, but as you probably heard 
f r o m  recent announcements on the west  coast  two DC-EHV l ines  will  be built to- 
gether with severa l  AC-EHV lines to bring the surplus hydro energy available in the 
Pacific Northwest to load centers  in the Southwest, These  l ines will be built partly 
by private and partly by government agencies and it signifies a n  unusual cooperation 
between these  two sec tors  of the e lec t r ic  utility industry in th i s  country. 
d i scuss  the economics of DC lines ve r sus  AC lines, it may be worth pointing out c e r -  
tain important  technical differences between them. 

Before we 
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First, an AC line by i t s  v e r y  nature fits into a n  existing sys tem without too much 
difficulty. 
of the balance of generation and load at  each end of the line, and the equipment and 
operating methods a r e  well developed. The DC line is an entirely different thing. 
The energy will continue to  be generated and utilized a t  AC, therefore  the power must  
be rectified to  DC at the sending end and converted back to AC at the receiving end of 
t he  line. 
when we talk about thousands of megawatts  and voltages up to 1,000,000 V. 
m o r e  expensive te rmina l  equipment fortunately is compensated for  somewhat by l e s s  
expensive line design. The losses in a DC t ransmiss ion  line a r e  l e s s  than on an AC 
line because it doesn't have to c a r r y  reactive power inherent in the case  of an AC 
line. Operating methods, however, will be more  rigid with the DC line involving 
m o r e  in t r ica te  control equipment for  the whole system. 
as underground o r  underwater cable sys tems too expensive with AC, or connecting 
sys t ems  with different frequency, DC lines can compete successfully with AC lines 
onIy in  point t o  point long d is tance  t ransmiss ion  of ve ry  la rge  amounts of power. 
res t r ic t ion  of the  DC application s t ems  f rom the relative cost of the te rmina l  equip- 
ment  and the inflexibility of the DC t ransmiss ion  as f a r  as the  future extension of the 
sys tem i s  concerned. If along the proposed t ransmiss ion  route important load cen- 
t e r s  a r e  expected to develop o r  new generating units will be built, the A C  line offers 
a distinct advantage because it can  be more  easily tapped according to  the requirement .  
The p lace  of DC lines, a t  l eas t  at the moment, is  in clear-cut long distance point to 
point t ransmission,  or in t he  spec ia l  cases  of underground or underwater t ransmiss ion  
mentioned. 

The power flow on an  AC h e  is inherently determined by the difference 

The rec t i f ie rs  and conver te rs  a r e  ve ry  expensive equipment especially 
The 

Ignoring special  cases,  such 

This 

F igu res  8 and 9 compare  the  cos t  of point to point t ransmiss ion  by AC v e r s u s  DC 
The cos t  f igures  include the  cos t  of the te rmina l  facil i t ies too. for  a "typical" case. 

Distribution 
We pointed out ea r l i e r  that  the  economics of the distribution can stand on its own 

feet, l a rge ly  independent of the economic considerations in associated generation and 
t ransmiss ion .  A d is -  
tr ibution sys tem in a r u r a l  a r e a  has  different problems than a densely populated urban 
a rea ,  
nea r  t he  center of the a r e a  it s e rves ,  but frequently it i s  not possible and the  utility 
has  t o  consider  alternative locations. 
in  densely populated a r e a s  because  of zoning problems o r  because property is  simply 
not available. 

Distribution sys t ems  a r e  a s  var ied  as the a r e a s  they supply. 

I t  i s  of course m o r e  economical to locate the  distribution substation somewhere 

It  is increasingly difficult to acquire property 

T h e  location of the substations i s  one of the most  important  economic fac tors  in 
the  distribution sys tem a s  it de te rmines  the length of the  f eede r s  f r o m  the station to 
the  cus tomer .  Just like in the c a s e  of generation and t ransmiss ion  it is not suffici- 
ent t o  solve the  immediate problem, but the future load growth has to  be taken into 
consideration. Later,  m o r e  and m o r e  substations will be needed and the sys tem 
should be so  designed a s  to make  i t  ea sy  to affect future extensions and changes. 
Sometimes substation proper ty  m u s t  be acquired well in  advance of the actual need to 
a s s u r e  i t s  availability. 

The  quality of e lec t r ic  s e rv i ce  i s  measured  by i t s  reliability, and by tightness of 

It i s  m o r e  vulnerable to  adverse  
voltage and f requency  regulations at the point of delivery. 
mos t  t roubles  originate in the distribution system. 

Except for  frequency, 
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outside influences, such as weather,  than the t r ansmiss ion  system. 

Rapidly increasing customer loads coupled with the previously mentioned fac - 
t o r s  has  resulted in an upward push in distribution voltages. 
have decided to build underground systems to improve the appearance of the com- 
munity and at  the same  t ime the reliabil i ty of service.  
resulted in increased cost  of the distribution system. 
system st i l l  costs  much more  than an equivalent overhead system, 
a r e  making a great  effort to  keep this  cost  down by constantly improving the methods 
and equipment. 

Recently utilities 

These  tendencies naturally 
An underground distribution 

The utilities 

Pumped s torage - 
We have been asked to talk about storing energy and, a s  mentioned before, i t  - 

cannot be s tored economically in the fo rm of electricity.  
tion when we discussed the operation of a system we pointed out that t he  cost  of total 
energy a t  any given moment  depends upon the generating units providing it. 
load inc reases  on a system at  a given day, m o r e  and m o r e  units a r e  put into service 
with lower efficiency and higher operating cost .  If we can devise  some means 
whereby we can s to re  energy produced at  a low cost  and r e l e a s e  it a t  a t ime of high 
demand and high cost, we may justify the expenditure fo r  that  s torage.  

Ea r ly  in this  presenta-  

As the 

The operation of a pumped s torage plant i s  simply to  pump wa te r  f rom a lower 
r e se rvo i r  to a higher one during light load per iods on the power system when only 
efficient units operate,  usually a t  night and weekends, and r e l e a s e  the water to 
generate energy during heavy demand when otherwise inefficient units would have to  
be operated. 

Pumped storage plants, utilizing this  concept, have gained popularity in this 
country, The concept was known for many y e a r s  but in this  country it had not been 
popular until the economic reversible  pump-turbine was  developed. some yea r s  ago, 
which made i t  possible t o  lower installation costs.  Before, each unit consisted of 
a generator-motor and a separate  pump and turbine,  a l l  on the s a m e  shaft. 

Naturally, the pumping-generating cycle involves l o s s e s  and at the present  such 
plants operate  a t  about 66% cycle efficiency; that is, only 2 1 3  of the energy used to  
pump the water  to the upper r e se rvo i r  can be regained when generating. 
makes  then such a plant economic for a utility? We have to  look again at the daily 
load cha rac t e r i s t i c s  of a sys t em and the available generating uni ts  to  meet the load 
m o s t  economically. 
m i c s  of pumped storage we have to  look into the subject in m o r e  detail. 

What 

We have talked about it briefly, but to  understand the econo- 

The generating system consis ts  of many units, some of t hem l a rge  efficient base 
load units, some older l e s s  efficient units, once themselves  base load units, which 
a r e  normally shut down during light load periods,  and peaking uni ts  used only during 
the heaviest  demand period. 
system. If the system has a relatively high proportion of efficient units, these may  
have to be curtailed during light load per iods with the resul t ing l o s s  of efficiency. 
It may  even be necessa ry  to shut down some of them frequently, thus incurring e x t r a  
cost  fo r  s tar t -ups and subjecting them to inc remen ta l  maintenance. With such a 
system, the pumped-storage should be investigated as a means  t o  provide peaking 
capacity provided, of cour se, that  a suitably economical si te is available for  such a 
development a t  a reasonable distance. The operation of the sys t em then would be 

The relative balance of t hese  uni ts  v a r i e s  with each 
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that during light load the efficient s t eam units, which otherwise would be partly loaded 
o r  shut down, would provide the  pumping energy at  a relatively low cost, thus filling 
the valleys of the load curve. During heavy demand the pumped storage plant would 
provide the peaking energy a t  a lower cost  than alternative peaking units could. 
F igure  10 shows the daily load cu rve  of a system with pumped storage.  A s  you can 
see  the base load units a r e  fully loaded throughout the  day. 
d rops  below the capacity of the  base  load units during the night, the difference is used 
for pumping. During peak h o u r s  the pumped s torage  plant generates instead of other 

When the actual load 

more  expensive types of peaking units. 

For example, let us  a s s u m e  that the base load units provide the pumping energy 
,at 2 mil l s  per  kwh, then the cos t  of energy generated at  the pump-storage plant w i l l  
be 3 mi l l s  pe r  kwh because of the lo s ses  in the cycle. Th i s  3 mills per  kwh figure 
then should be compared with t h e  energy cos t  of other types of peaking to determine 
which one is more  economical. 

The installation cost  of the pumped storage plant and the  alternative peaking 
plants, and the operating cost  of the whole sys tem with and without the pumped s to r -  
age m u s t  be ve ry  carefully analyzed to determine the economic solution. 

1 
In this case  ' I  

just  as any other problem, not only the present  condition should be looked into but 
also how it affects future economies. 
of the optimum size of the  r e s e r v o i r s  at the pumped storage plant. 

The investigation a l so  involves the analysis 1 

I 

Naturally, the installation cos t  and the optimum size of the r e se rvo i r  a r e  largely 
determined by the local topographical  and geological conditions at the site, which is  
beyond the control of the utility. 

The geographical location of the prospective pumped storage plant, a s  related to 
load 'centers  and generating stations providing the pumping energy is another impor - 
tant factor.  
nect the plant with load cen te r s  and t r ansmi t  pumping power f rom other generating 
sources .  
tional hydro or steam stations and r equ i r e  detailed investigation and in the  final analy- 
sis it may  be decisive for or against  the pumped s torage  plant. Several  other fac tors  
can influence the economics of a pumped s torage  plant besides those just  mentioned; 
such as the sharpness  of the peak  load period, that i s  i t s  magnitude and duration, 
and the amount of excess  cheap energy  available for pumping during off peak periods. 
Obviously a sys tem with sha rp  peaks  will find a pumped storage plant more  attractive 
than another system with flat  peak per iods  and relatively cheap peaking energy already 
available f rom conventional hydro  plants. 

The t ransmiss ion  l ines  leading to the pumped storage plant have to  con- 

The problems a re ,  therefore ,  somewhat more  complex than with conven- 

Expected future developments 
We have discussed a few of the cur ren t  problems of storing and transmitt ing e lec-  

t r i c  energy. Now, based on the present  conditions and trends,  we can make a r e a s -  
onable projection into the future. 

The e lec t r ic  utility industry i s  facing a t remendous task. The load has been in- 
c r eas ing  a t  such a ra te  that i t  doubles every  ten years .  
tion in  th i s  r e spec t  and plans a r e  based on the assumption that t h i s  trend will continue 
in the foreseeable  future. Th i s  p r e s s u r e  of increasing load w i l l  inevitably force  util- 
i t i es  to combine the efforts and f o r m  m a r e  interconnections and power pools. These 
pools in turn  will make it possible to build l a rge r  and l a rge r  units. 

We can foresee  no sa tura-  

Individual 
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sys t ems  of moderate  s ize  cannot hope to build these  units, because of the penalty 
they have to suffer as a result ,  i n  the fo rm of increased  r e s e r v e  requirement .  
as a member  of a l a r g e r  group they can enjoy the full benefits, as the installation 
cos t  per  kw dec reases  with the  size. 
and operating cos ts  a r e  expected to dec rease  also. 
will be built where fuel p r i ces  a r e  advantageous, 
ing t h e r e  is  a revival in the in te res t  of coal i n  a r e a s  where  coal h a s  not been used, 
f o r  example in the Southwestern pa r t  of the country. 
coal transportation cos ts  a r e  decreasing, which has  an important  influence on th i s  
revival of coal. 
the  industry to maintain a healthy economic s ta tus  and at the same  t ime dec rease  
energy cos t  and provide m o r e  reliable service.  

But 

The overa l l  r e s e r v e  requi rements  will be l e s s  
Naturally, these  la rge  size units 

A s  gas  and o i l  p r i ces  a r e  inc reas -  

Elsewhere  in the  country, the 

This development and the EHV t ransmiss ion  makes  i t  possible for 

In the field of t ransmiss ion  we expect the voltages to  go up to 1, 000,000 V, which 
i s  technically feasible even today. Beyond th is  it is difficult to make  predictions. 

The relative sha re  of hydro energy is  going to dec rease  as economic s i tes  a r e  
being rapidly developed in th i s  country, The re  a r e  huge hydro r e sources  available 
in Canada however. In spite of this, it is expected that such regions as the North-  
west, which hitherto has  relied exclusively upon hydro power, wi l l  have to r e so r t  to 
other sources  for energy in the not too distant future. 

The relative sha re  of nuclear energy in the future i s  still being debated, The re  
i s  a gene ra l~agreemen t  that it can compete in a r e a s  of high fuel cost  but recent 
announcements (Oyster Creek) indicate that it has a chance to compete i n  relatively 
low fue l  cos t  areas, such a s  the Midatlantic s ta tes ,  
will be used more  and more.  

Unquestionably nuclear energy 

We heard a lot of talk about various methods of d i rec t  conversion recently. All 
of these pro jec ts  a r e  in experimental  stages and it i s  difficult t o  es t imate  their  future 
influence. 
stations a t  th i s  time. Significant development, either economical o r  technological, 
can  mater ia l ly  change the economic picture of future energy delivery. 

Only the MHD method appears  to be economical in l a rge  s ize  cen t r a l  

The e lec t r ic  utility industry, cont ra ry  to the popular belief, is not without v igor -  
ous competition with other types of fuels. 
c r e a s e  their  
t o  be e lec t r ic  space heating. Their  approach of promoting load growth and thereby 
decreas ing  the cost of supply, a s s u r e s  that electricity will  continue its strong tech-  
nological and economic development well into the future. 

They a r e  vigorously campaigning to in- 
load and one of the brightest  a r e a s  in  the i r  competitive picture appears  

The speaker wishes to expres s  appreciation to Mr. Zoltan Csukonyi of the 
Bechtel  Corporation f o r  h i s  invaluable work in the preparat ion of th i s  paper.  
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